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Abstract Amaranthus retroflexus seeds were dormant at
25 C in the darkness and in the light, and also at 35 C in
the darkness. GA3 and ethylene partially removed dor-
mancy at 35 C in the darkness and at 25 C in the light.
Dormancy was removed by 1–5 days of treatment with
nitric oxide or cyanide. The effect of NO and HCN was
inhibited by cPTIO, thus the effect of HCN was NO
dependent. Dry storage for 16 weeks could partially release
dormancy only at 35 C, but not at 25 C. Dry storage
increased the response to light, GA3 and ethylene. The
response to GA3 and ethylene at 25 C was enhanced with
increasing storage temperature. GA3, ethylene and nitric
oxide could substitute dry storage and stratification in
partially dormant seeds.
Keywords Amaranthus retroflexus  Plant hormones 
Primary dormancy  Stratification  Dry storage  NO  HCN
Introduction
Seeds of Amaranthus retroflexus, a common important
annual weed widely occurring in agricultural fields, are
primarily physiologically dormant after the harvest (Baskin
and Baskin 2001). Dormancy of these seeds can be
removed by means of burial in late autumn and winter
(Egley 1989; Ke˛pczyn´ski and Sznigir 2013). Likewise,
cold stratification may release dormancy in these seeds,
however, less effectively than burial (Ke˛pczyn´ski and
Sznigir 2013). A. retroflexus seed dormancy is controlled
hormonally. GA3 can remove dormancy of the above seeds
(Ke˛pczyn´ski et al. 1996). Likewise, ethephon, ethylene and
the precursor of ethylene biosynthesis ACC, stimulate
germination of these dormant seeds (Ke˛pczyn´ski et al.
1996, 2003b). Ethylene biosynthesis and action are
involved in releasing dormancy of A. retroflexus seeds by
GA3 (Ke˛pczyn´ski et al. 2003b). Recently, it has been
reported that both GA3 and ethylene can partially substitute
the requirement for autumn–winter burial or cold stratifi-
cation (Ke˛pczyn´ski and Sznigir 2013).
Instead of burial, stratification and hormones also dry
storage (after-ripening) of seeds can release dormancy in
several plant species e.g., Amaranthus retroflexus (Scho¨n-
beck and Egley 1980), Arabidopsis thaliana (Cadman et al.
2006), Hordeum vulgare (Gubler et al. 2008), Sisymbrium
officinale (Iglesias-Fernandez and Matilla 2009) and Avena
fatua (Ke˛pczyn´ski et al. 2013). Moreover, nitrogen-con-
taining compounds such as nitrate, nitrite, hydroxylamine
and azide have been known to break dormancy of seeds
(Hendricks and Taylorson 1974). Hendricks and Taylorson
suggested that NO was a product of the azide, hydroxyl-
amine and nitrite applied to seeds. Later, many papers
considering the effect of NO, by using its different donors,
on the germination of dormant and non-dormant seeds
were published (Bethke et al. 2007). Sodium nitroprusside
(SNP), producing both NO and HCN in the light (Feelisch
1998), releases dormancy of lettuce (Beligni and Lamattina
2000), barley (Bethke et al. 2004), Arabidopsis (Bethke
et al. 2004, 2006a), A. retroflexus seeds (Liu et al. 2011)
and Malus domestica embryos (Gniazdowska et al. 2007,
2010). Likewise, HCN released from Fe(II)CN or
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Fe(III)CN can reduce dormancy in Arabidopsis (Bethke
et al. 2006b), A. retroflexus seeds (Liu et al. 2011) and
Malus domestica embryos (Gniazdowska et al. 2010).
There are no data on the effect of gibberellins, ethylene,
NO and HCN on germination of dry stored or stratified
A. retroflexus seeds.
The aim of the present study was to determine the
importance of GA3, ethylene, NO and HCN in germination
of seeds that were dormant and partially dormant due to dry
storage (after-ripening) or stratification.
Materials and methods
Plant material
Amaranthus retroflexus seeds were collected from wild
populations in September 2006 near Lubniewice in Poland.
The inflorescences were stored in open air for 3 weeks and
then shaken gently to remove seeds. After drying for
10 days, they were stored at -20 C until they were
needed.
Dry storage and stratification
In order to release dormancy resulting from dry storage,
seeds (15 g) were placed in open 0.5 l jars and stored in
darkness at 5 ± 2, 15 ± 0.5, 20 ± 0.5, 25 ± 0.5 and
35 ± 0.5 C. For stratification, seeds (0.9 g) were placed
in 12-cm diameter Petri dishes lined with three layers of
filter paper moistened with 12-ml distilled water. Petri
dishes were sealed with parafilm to maintain humidity, and
were kept in darkness at 4 C.
Treatment with gibberellin A3 (GA3) or
2-chloroethylphosphonic acid (ethephon)
After 0, 8, 12 and 16 weeks of dry storage, seeds were
incubated in 6-cm Petri dishes on filter paper moistened
with 1.5-ml water or solutions of GA3 (10
-3 M) and eth-
ephon (10-4 M) in darkness at 25 and 35 C, for 7 days.
After 8 weeks of stratification, seeds were incubated in
6-cm Petri dishes with filter paper moistened with 1.5-ml
water or solutions of GA3 (10
-4, 10-3 M) or ethephon
(10-5, 10-4 M) in the light (120 lEm-2 s-1, 16/8 h) at
25 C for 7 days.
Treatment with gases released from sodium
nitroprusside (SNP) or potassium ferrocyanide
(Fe(II)CN)
Seeds (50) were placed in 3-cm Petri dishes on filter paper
moistened with 0.8-ml water. Three open Petri dishes with
seeds and one open 5-cm Petri donor dish containing
3.6 ml (10-5, 3 9 10-5, 10-4, 3 9 10-4 M) of SNP or
Fe(II)CN solutions were enclosed in a 12-cm Petri dish and
sealed with Parafilm. Petri dishes were kept in the light
(120 lEm-2 s-1, 16/8 h) at 25 C for 1, 3 or 5 days. After
1 and 3 days, Petri dishes with donor solutions were
replaced with Petri dishes containing water. In the exper-
iment with cPTIO, three Petri dishes with seeds on filter
paper moistened with 2-(4-carboxyphenyl)-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide (cPTIO) solutions
(5 9 10-5, 10-4 M) were kept for 1 day in a 12-cm Petri
dish containing 3.6 ml SNP (10-4 M) or Fe(II)CN
(10-4 M).
Seeds after-ripened for 8 or 16 weeks were incubated
for 1 day in the presence of the Petri dish with SNP
(3 9 10-5, 10-4, 3 9 10-4 M) or Fe(II)CN (3 9 10-5,
10-4, 3 9 10-4 M), in the light, at 25 C. Seeds stratified
for 8 weeks were incubated for 1 day in the presence of
SNP (10-5, 10-4 M), also in the light, at 25 C.
In all experiments, germination was determined during 5
or 7 days of incubation under appropriate conditions (25
and 35 C in the darkness or 25 C in the light). Seeds
were regarded as germinated when the radicle protruded
through the seed coat and was longer than 2 mm. All
manipulations were performed under green light.
Results were presented as a final percentage of seed
germination. Furthermore, the rate of germination was





7 = 700 means that 100 % of seeds ger-
minated on the first day).
Statistical analysis
The average ± standard deviation (SD) of three indepen-
dent determinations from 50 seeds each is presented. Data
have been analyzed for significance using one-way or two-
way ANOVA (Statistica for Windows ver. 9.0, StatSoft
Inc. Tulsa, Oklahoma, USA). Duncan’s multiple range test
has been used for the determination of significant differ-
ences between germination values (P \ 0.05).
Results
The effect of GA3 and ethephon on seed germination at 25
and 35 C after dry storage at 5, 15, 25 and 35 C in the
darkness.
Germination at 25 C
Non-after-ripened (dormant) and dry-stored (after-ripened)
seeds at the temperatures from 5 to 35 C for up to 16 weeks
germinated very poorly at 25 C; between 3 and 10 % of
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seeds germinated (Fig. 1). GA3 did not affect the germina-
tion of unstored seeds and seeds stored at 5 and 15 C up to
12 weeks. This hormone increased the germination of seeds
stored for 16 weeks at 5 and 15 C; 40–50 % of seeds
germinated. In the case of seeds dry stored at 25 and 35 C,
the stimulatory effect of GA3 became apparent just after
8 weeks of storage. The effect of GA3 increased with the
passage of storage time at these temperatures. Maximal
Fig. 1 Effect of GA3 and
ethephon on final percentage
(a) and rate (b) germination of
A. retroflexus seeds in darkness
at 25 C after dry storage for 8,
12 and 16 weeks at 5, 15, 25
and 35 C. Germination was
determined during 7 days of
incubation. The vertical bars
indicate ±SD. Two-way
ANOVA with the Duncan post
hoc test was used to determine
significant differences. Mean
values with different letters are
significantly different
(P \ 0.05)
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effect of this hormone was noted when seeds were stored for
16 weeks at 35 C: germination reached 70 %. Ethephon
enhanced the germination of unstored seeds and seeds stored
for 16 weeks at 5 C for up to ca. 20 and 40 %, respectively.
This compound also increased the germination of seeds
stored at 15–35 C for the period of 8 to 16 weeks. The
stimulatory effect of this regulator was also enhanced with
the length of dry storage; the seeds reached ca. 50–70 %
germination when stored for 16 weeks. Both compounds
increased markedly the rate of seed germination after vari-
ous periods of dry storage (Fig. 1b).
Germination at 35 C
At 35 C, similarly as at 25 C, non-after-ripened seeds
germinated very poorly: only 5 % germinated (Fig. 2). Dry
storage at 5 and 15 C for up to 12 weeks did not affect
seed germination. 16 weeks at these temperatures resulted
in 10–30 % germination. Dry storage at 25 and 35 C for
up to 12 weeks slightly increased germination. After
16 weeks of dry storage at 25 and 35 C, seed germination
reached 40 and 70 %, respectively. GA3 increased germi-
nation of unstored seeds. Percentage germination in the
presence of GA3 increased with the prolongation of dry
storage periods. For all storage temperatures, the highest
level of germination in the presence of GA3 was observed
after 16 weeks. Almost all seeds stored for 16 weeks at all
temperatures were able to germinate in the presence of
GA3. Ethephon enhanced the germination of unstored and
stored seeds for various periods at all temperatures, also
progressively with storage time. The percentage germina-
tion after 16 weeks of storage at 5–35 C reached
75–85 %. Both GA3 and ethephon increased the rate of
seed germination in a similar fashion (Fig. 2b).
The effect of gases released from SNP and Fe(II)CN
applied in the absence or presence of cPTIO
on germination of dormant seeds at 25 C in the light
Gases (NO ? HCN) released from SNP donor, applied at
all concentrations for 1–5 days enhanced the percentage of
seed germination (Fig. 3a). The highest percentage of
germination was observed when the donor was used at the
highest concentration, i.e., 3 9 10-4 M, for 1 day; ca.
60 % seeds germinated in comparison to 5 % in the control
group. SNP application at 10-4 and 3 9 10-4 M for 3 days
resulted in a similar level of germination as was observed
after using 3 9 10-4 M for 1 day. After 5 days of the
treatment, the effects of 10-4 and 3 9 10-4 M SNP gases
were similar. However, the effect of 3 9 10-4 M SNP
applied for 5 days was lower than after 1 or 3 days. The
stimulatory effect of SNP was also evident when the rate of
germination was considered (Fig. 3b). The highest rate
increase was found when SNP was used at 3 9 10-4 or 3
9 10-5 M for 1 day or 5 days, respectively. Likewise, the
gas (HCN) released from Fe(II)CN increased the percent-
age of germination, the effect being dependent on its
concentration (Fig. 3c). The strongest effect was observed
after the application of Fe(II)CN at two highest concen-
trations 10-4 and 3 9 10-4 M for 1 day or 3 9 10-5–
3 9 10-4 M for 3 and for 5 days; ca. 40 % of germination.
The stimulatory effect of HCN, as in the case of
NO ? HCN, was also evident when the rate of germination
was analyzed (Fig. 3d). The highest rate was found when
Fe(II)CN at 10-4 and 3 9 10-4 or 3 9 10-5 M was used
for 1 day or 5 days, respectively.
In the following experiment, seeds were incubated for
5 days in the presence of gases released from SNP or
Fe(II)CN and water or the solution of cPTIO (Table 1). The
percentage of untreated seeds reached only 7 % after 5 days
of incubation. NO ? HCN released from SNP or HCN from
Fe(II)CN caused ca. 40 % of seeds to germinate. The cPTIO,
depending on concentration, decreased or completely inhib-
ited the germination of dormant seeds. Simultaneous incu-
bation in the presence of cPTIO and NO ? HCN or NO
caused seed germination at similar level as in the case of
untreated seeds. Thus, stimulatory effect of gases released
from SNP or HCN did not occur because of cPTIO.
The effect of gases released from SNP or Fe(II)CN
on the germination at 25 C of dry-stored seeds at 5, 25
and 35 C for 8 and 16 weeks
The percentage of seeds that were dry stored for 8 and
16 weeks at 5, 25 or 35 C and germinated in the light was ca.
50–60 % and 65–80 %, respectively (Fig. 4). Seed incubation
for 1 day in the presence of NO ? HCN gases from SNP
increased the germination of seeds stored for 8 and 16 weeks.
SNP at 3 9 10-5 M caused 65–80 % the germination of
seeds stored at 5–35 C for 8 weeks. The application of SNP
at 10-4 M to seeds stored for 8 weeks at 5, 25 and 35 C
allowed 80–90 % of seeds to germinate. After 16 weeks of
storage at 5 and 25 C, the SNP from 3 9 10-5 M allowed for
80–90 % germination. Fe(II)CN at 3 9 10-5 M slightly
increased the germination percentage of seeds dry stored for
8 weeks at 5 C and markedly of those dry stored for
16 weeks only at 5 and 25 C. At a higher concentration of
this compound, almost total germination was noted when
seeds were stored for 8 or 16 weeks at 5, 25 or 35 C.
The effect of stratification, GA3, ethephon and gases
released from SNP on seed germination at 25 C
in the light
Very few non-stratified seeds germinated at 25 C in the light
(Table 2). GA3 at 10
-4 M did not affect the germination, but
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at 10-3 half of the seeds were able to germinate. Ethephon at
10-5 and 10-4 M markedly increased germination; it
reached ca. 40–70 %. Stratification for 8 weeks increased
seed germination percentage and half of the seeds were able
to germinate. Regardless of its concentration, GA3 allowed
for 60–80 % seed germination after 8 weeks of stratification.
The application of ethephon at all concentrations resulted in
ca. 90 % germination. SNP at 10-5 and 10-4 M increased
Fig. 2 Effect of GA3 and
ethephon on final percentage
(a) and rate (b) germination of
A. retroflexus seeds in darkness
at 35 C after dry storage for 8,
12 and 16 weeks at 5, 15, 25
and 35 C. Germination was
determined during 7 days of
incubation. The vertical bars
indicate ±SD. Two-way
ANOVA with the Duncan post
hoc test was used to determine
significant differences. Mean
values with different letters are
significantly different
(P \ 0.05)
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the germination of unstratified seeds. Almost all partly
stratified seeds could germinate when SNP at 10-4 M was
used.
Discussion
Control germination of dormant seeds in the darkness
Seeds of the common weed A. retroflexus could not ger-
minate in the darkness at 25 and 35 C (Ke˛pczyn´ski and
Sznigir 2013, figs. 1, 2) because they were primarily
dormant. Dormancy in seeds of many wild and cultivated
plant species can be effectively removed by dry storage
(after-ripening). Seeds of Arabidopsis Cvi required
20 weeks at 21/24 C (Ali-Rachedi et al. 2004), S. offi-
cinale required 24 weeks at 21 C (Iglesias-Fernandez and
Matilla 2009) and A. fatua required 12 weeks at 25 C
(Ke˛pczyn´ski and Van Staden 2012) for releasing dor-
mancy. Dry storage of dormant A. retroflexus seeds for up
to 16 weeks did not affect germination at 25 C (Fig. 1),
thus it was insufficient to release dormancy at this tem-
perature. However, at a higher temperature, i.e., at 35 C,
seed dormancy was released as a result of dry storage at
25–35 C for 16 weeks since it allowed for 40–70 %
germination (Fig. 2). In an earlier study, it had been
shown that dry storage at varying temperatures, i.e.,
24–28 C, for 5 months increased the germination of A.
retroflexus seeds at 35 C from 11 up to 70 % (Scho¨nbeck
Fig. 3 Effect of gases released from SNP or Fe(II)CN donor applied
during 1, 3 and 5 days of incubation in the light (120 lmol m-2 s-1)
on final percentage (a, c) and rate (b, d) of germination of A.
retroflexus seeds at 25 C. After treatment with gases for 1 or 3 days
seeds were further incubated up to 5 days in air. Germination was
determined every day. The vertical bars indicate ±SD. Two-way
ANOVA with the Duncan post hoc test was used to determine
significant differences. Mean values with different letters are
significantly different (P \ 0.05)
Table 1 Effect of cPTIO in the absence and presence of gases
released from SNP or Fe(II)CN on A. retroflexus seed germination at




Control 2 ± 3.5a 7.3 ± 4.2ab
cPTIO, 5 9 10-5 M 0 ± 0a 0.7 ± 1.2a
cPTIO, 10-4 M 0 ± 0a 0 ± 0a
SNP, 10-4 M 8 ± 5.3ab 42 ± 8.7c
cPTIO, 5 9 10-5 M ? SNP 0 ± 0a 8.7 ± 2.3ab
cPTIO, 10-4 M ? SNP 0 ± 0a 7.3 ± 4.2ab
Fe(II)CN, 10-4 M 0 ± 0a 38 ± 6.9c
cPTIO, 5 9 10-5 M ? Fe(II)CN 0 ± 0a 5.3 ± 3.1a
cPTIO, 10-4 M ? Fe(II)CN 0 ± 0a 6.0 ± 5.3a
cPTIO and SNP or Fe(II)CN were present during whole period of incu-
bation. Two-way ANOVA with the Duncan post hoc test was used to
determine significant differences
Mean values with different letters are significantly different (P \ 0.05)
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and Egley 1980). Thus, dry storage, similarly as in other
seeds with physiological dormancy can remove dormancy
in A. retroflexus seeds. The presented data also proved that
the rate of dormancy releasing in A. retroflexus seeds, as
in the case of many other seeds (Baskin and Baskin 1976)
increased together with an increasing storage temperature;
about five times more seeds germinated when stored for
16 weeks at 35 C than at 5 C (Fig. 2). The mechanism
of releasing dormancy during after-ripening is not com-
pletely known. It has been considered that nonenzymatic
reactions removing germination inhibitors, plant hor-
mones, reactive oxygen species, membrane alterations,
specific protein degradation and the expression of genes
can be involved in releasing dormancy during dry storage
(Hallet and Bewley 2002; Finch-Savage and Leubner-
Metzger 2006; El-Maarouf-Bouteau and Bailly 2008;
Hilhorst 2007). Dormant A. retroflexus seeds responded
partially to GA3 at 35 C, but not at 25 C, and to eth-
ylene, liberated from ethephon, at both temperatures
(Ke˛pczyn´ski and Sznigir 2013, figs. 1, 2). Although dry
storage did not much affect the state of dormancy at
25 C, measured as visible germination at this tempera-
ture, however it increased the response of the seeds to
GA3 and ethylene (Fig. 1). The seeds that were after-rip-
ened at various temperatures were more responsive to
GA3 and ethylene at 35 than at 25 C. The releasing
Fig. 4 Effect of gases released from SNP or Fe(II)CN on percentage
germination of A. retroflexus seeds at 25 C after dry storage for 8 and
16 weeks at 5, 25 and 35 C. SNP was applied in the light for 1 day.
Germination was determined after 7 days of incubation. The vertical
bars indicate ±SD. Two-way ANOVA with the Duncan post hoc test
was used to determine significant differences. Mean values with
different letters are significantly different (P \ 0.05)
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dormancy action of both hormones, applied at 25 or
35 C, increased with the extension of storage time
(Figs. 1, 2). Such results are in good agreement with data
obtained on A. thaliana seeds (Karssen et al. 1989), S.
officinale seeds (Iglesias-Fernandez and Matilla 2009) and
A. fatua caryopses (Ke˛pczyn´ski et al. 2013) where after-
ripening increased the response to gibberellin and/or
ethylene.
Control germination of dormant seeds in the light
A. retroflexus seeds, similarly as in the darkness, could not
germinate in the light because of primary dormancy
(Fig. 3). Stratification increased their sensitivity to light;
ca. 15 % seeds stratified for 8 weeks germinated in the
darkness at 25 C (Ke˛pczyn´ski and Sznigir 2013), how-
ever, more than half germinated in the light at the same
temperature (Table 2). Dry storage also increased the
sensitivity to light (Figs. 1, 4). Both GA3 and ethylene
could partially remove dormancy and ethylene was found
to be more effective than GA3 (Fig. 1; Table 2). A com-
parison of the effect of these hormones in the darkness and
in the light indicated that the light increased the response to
GA3 and ethylene (Fig. 1; Table 2). Stratification enhanced
the response to GA3 and ethylene only in the darkness
(Ke˛pczyn´ski and Sznigir 2013, Table 2).
Gases, NO ? HCN, released from SNP, and HCN
released from Fe(II)CN, applied either for 1 and 3 days
(Fig. 3) or continuously (Liu et al. 2011, fig. 3) stimulated
germination of dormant A. retroflexus seeds. One day of
treatment with the highest donor concentration was suffi-
cient to obtain the maximal effect (Fig. 3). Prevention of
the effect of SNP vapors by the commonly used NO
scavenger (Table 1), cPTIO, may indicate that NO is
responsible for stimulating the germination of dormant
seeds of A. retroflexus. Similarly, stimulatory effect of
gases released from SNP on the germination of dormant
Arabidopsis seeds (Bethke et al. 2006a, b) and apple
embryos (Gniazdowska et al. 2010) did not occur in the
presence of cPTIO. As the stimulatory effect of HCN on
germination of dormant seeds of A. retroflexus could not
occur in the presence of cPTIO, the nitric oxide was
probably involved in the response to cyanide. A similar
relationship was noted in experiments with Arabidopsis
(Bethke et al. 2006a, b) and Malus domestica (Gniaz-
dowska et al. 2010), when HCN was used in combination
with cPTIO. Staratified A. retroflexus seeds were sensitive
to NO (Table 2), similarly to Arabidopsis seeds (Bethke
et al. 2004). Gases released from both SNP and Fe(II)CN
were also able to release dormancy in A. retroflexus seeds
that were partially dormant due to dry storage; almost all
seeds germinated (Fig. 4).
Experiments with stratification (Table 2) and dry stor-
age (Fig. 1) indicated that releasing dormancy of partially
dormant A. retroflexus seeds required a lower concentra-
tion of ethylene than GA3. Both these hormones, nitric
oxide and HCN may partially substitute dry storage and
stratification in partially dormant A. retroflexus seeds. Dry
storage increased the response of A. retroflexus seeds to
light, GA3 and ethylene. A transition from dormancy to
the germination of A. retroflexus seeds due to dry storage
or stratification might be associated with changes in bio-
synthesis and catabolism of gibberellins, abscisic acid and
ethylene and the sensitivity to their perception. It was
found that non-dormant, after-ripened, A. retroflexus seeds
(Ke˛pczyn´ski et al. 2003b) and non-dormant, stratified,
apple embryos (Ke˛pczyn´ski et al. 1977) produced more
ethylene than the dormant ones. The after-ripening of S.
officinale seeds induced expression genes involved in
gibberellins synthesis, SoGA20ox2 and SoGA3ox2, and
gibberellin breakdown, SoGA2ox6, and inhibited ethylene
synthesis genes, SoACS7 and SoACO2 (Iglesias-Fernan-
dez and Matilla 2009). In Arabidopsis seeds, the gibber-
ellin biosynthesis gene AtGA2ox6 was down-regulated by
stratification (Yamaguchi et al. 2004). It was postulated
that multiple cross talk between ethylene and gibberellin
was involved in after-ripening (Iglesias-Fernandez and
Matilla 2009). The interaction between these regulatory
factors existed at several levels. Releasing dormancy in A.
retroflexus seeds by GA3 involved the biosynthesis of
ethylene and its action (Ke˛pczyn´ski et al. 2003b). It was
found that the expression of SoACO2 was inhibited by
Table 2 Effect of GA3 and ethephon and gases released from SNP
after 8 weeks of stratification at 4 C on A. retroflexus seed germi-




Control 8 ± 3ab 53 ± 7ef
ETH (M)
10-5 38 ± 4d 90 ± 2ij
10-4 66 ± 7 g 89 ± 5hij
GA3 (M)
10-4 15 ± 6bc 57 ± 4 fg
10-3 52 ± 7ef 81 ± 5hi
Control 6.7 ± 1.2a 47 ± 11c
SNP (M)
10-5 21 ± 1.2b 73 ± 3.1d
10-4 45 ± 2.3c 87 ± 9e
Germination was determined after 7 days. Two-way ANOVA with
the Duncan post hoc test was used to determine significant differences
Mean values with different letters are significantly different
(P \ 0.05)
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GA4?7 (Iglesias-Fernandez and Matilla 2009). Ethylene
stimulated releasing Fagus sylvatica seed dormancy and
inhibitor of ethylene biosynthesis increased expression of
FsGA20ox1, the gibberellin synthesis gene (Calvo et al.
2004). On the other hand, GA3 enhanced ACC oxidase
gene, ACC content and ethylene production. Recently, the
cross talk between ABA with ethylene and nitric oxide has
been considered for the control of seed dormancy and
germination (Arc et al. 2013). The interaction between
exogenous ABA and ethylene in the case of non-dormant
A. caudatus seeds was reported; exogenous ABA could
decrease the effect of ethylene on germination of non-
dormant A. caudatus seeds (Ke˛pczyn´ski et al. 2003a).
Endogenous ethylene promoted the germination of ethyl-
ene response mutants of Arabidopsis by decreasing the
sensitivity to endogenous ABA (Beaudoin et al. 2000).
Releasing dormancy in A. retroflexus seeds by dry storage
or stratification might also involve an interaction between
the abscisic acid and ethylene and/or NO. NO induced
releasing dormancy in apple embryos (Gniazdowska et al.
2007), increased ethylene production and decreased the
sensitivity of apple embryos to exogenous ABA (Gniaz-
dowska et al. 2007). It was also shown that NO, respon-
sible for releasing dormancy in Arabidopsis, was required
for the expression GA3ox1 and GA3ox2 (Bethke et al.
2007).
To summarize, both dry storage and stratification can
remove dormancy in A. retroflexus seeds, dry storage more
effectively in the light than in the darkness. GA3 and eth-
ylene, nitric oxide and hydrogen cyanide can markedly
release dormancy in the light; the light increases seed
response to above plant hormones. Releasing dormancy by
hydrogen cyanide requires nitric oxide. Dry storage
increase the response to GA3 and ethylene. These com-
pounds can partly substitute dry storage and stratification in
partially dormant seeds. The response to GA3 and ethylene
increases with the increasing temperature of dry storage.
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